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Systems used for total body perfusion must incorporate some mechanism for controlling the temperature of the blood in the circuit (Galletti and Brecher, 1962) . Even during normothermic perfusion heat is lost to the environment and must be replaced. If hypothermia is practised there must be a reasonable heat transfer capacity available to allow control of the temperature and to avoid delays in rewarming. Some surgeons have become critical of moderate hypothermia (30°C) because of delays associated with rewarming; and in some units unphysiological temperatures of around 35°C are accepted at the end of bypass. This may be due to the use of heat exchangers with insufficient heat transfer capacity, leading to unreasonable prolongation of perfusion time to raise the temperature to 37°C. Given the desirability of having a heat exchanger in any whole body perfusion circuit, it is important to use one with a performance sufficient to allow rapid and efficient temperature control.
Information on the performance of heat exchangers is limited, and the effect of changes in the water flow on the performance has been largely ignored. In some studies no mention is made of the water flow through a heat exchanger when quoting experimental results (Rygg, 1973) , and in others (Peirce, 1962; Galletti, and Brecher, 1962 ) the results were obtained at a given water flow with no indication of the effect of changing the water flow. Manufacturers' information on their products is limited and at best comprises a performance curve covering different blood flows with no indication of the effect of a change in the water flow.
The purpose of this investigation was to study the influence of changes in the water flow on heat exchanging capacity.
METHOD
We constructed a circuit which allowed variation of blood and water flow through a variety of heat exchangers (Table) . Four Figure 1 . The annular NEP 2131 has the best performance at all blood flows. The Rygg Venotherm HL238DF is the only disposable unit which approaches this performance over the range of blood flows tested. The arterial reservoir heat exchangers, Temptrol QlOO and Rygg Thermo HL237DF, showed marked improvement in performance at blood flows below 2 litres per minute. At a blood flow of 6 litres per minute the Temptrol has a performance factor which is half that of the more efficient annular and venotherm units.
The relative performance of the Baxter venous line heat exchanger fell as the blood flow was reduced, but at a blood flow of 6 litres per minute only the annular NEP and Rygg Venotherm units had a better performance.
The Harvey H100 had the poorest performance at all flows. Its heat exchanging capacity was less than half that of the annular and Venotherm units at all blood flows from 1 to 6 litres per minute.
EFFECT OF VARYING THE WATER FLOW Figure 2 illustrates the effect of increasing the water flow through the two oxygenator column heat exchangers. At a blood flow of 6 litres per minute the performance factor of the Rygg Venotherm increases from 0-18 to 034 (89% increase) when the water flow is changed from 5 to 20 litres per minute. With the same change in water flow the performance factor of the Harvey H100 increases only from 0-12 to 0-145 (21% increase). when the heat exchanger element is situated in the oxygenator column.
WATER PRESSURE The pressure gradients across the water paths plotted against water flows are shown in Figure 4 . The unit with the highest resistance to water flow is the Baxter unit, and this requires a pressure differential of 10 lb/in2 to give a water flow of 15 litres per minute; considerable distortion of this unit occurred at higher water flows and pressures. It is interesting that at a water flow of 20 litres per minute the pressure differential across the Temptrol unit is only 7 lb/in2. This means that the restriction for the maximum pressure on the Temptrol unit of 10 lb/in2 will allow a high flow of water to be used. The pressure differential on the Rygg units is only 6 lb/in2, at a water flow of 20 litres per minute. This allows a very considerable safety margin as the heat exchanger elements of the EFFECTIVE BLOOD FILM THICKNESS The performance curves illustrated in Figure 3 , where two units with identical heat exchanger elements are compared, suggest that the effective blood film is greatly reduced when the heat exchanger element is moved from the arterial reservoir to the oxygenating column. This makes it difficult to obtain meaningful values for blood film thickness Previous investigators have measured the performance of heat exchangers at a single water flow, probably in the belief that changes in the water flow would not affect the relative performance of the units. The comparison of the two venous column heat exchangers (Fig. 2) demonstrates that this assumption is unwarranted. One unit had a 89% increase in performance when the water flow was increased from 5 to 20 litres per minute, whereas the same change in water flow produced only a 21% increase in performance in the other unit.
The units studied are all adult units produced for use with blood flows up to 6 litres per minute.
The annular unit (NEP2131) has a blood priming volume of 65 ml and is suitable for use in circuits where a low blood priming volume is desirable. The Rygg Venotherm HL238DF and Thermo HL237DF oxygenators are available in a range of sizes all using the same heat exchange element. In addition to the Temptrol Q100 we tested a Temptrol Qi 10 paediatric unit which had a similar performance curve to that found in the adult unit at blood flows below 3 litres per minutes with a water flow of 15 litres per minute. This means that in the examples where similar or identical heat exchanger elements are used for adult and paediatric circuits, the paediatric circuits will be relatively more efficient with regard to the heat exchanging ability as the blood flows will be lower.
CONCLUSIONS
Our results indicate that there is no need for water flows in excess of 20 litres per minute through currently available heat exchangers and that a water pressure of 20 lb/in2 is sufficient to give this rate of flow through the units we tested and also to overcome the resistance of the piping, mixing valves, and outlet tubing which may be used in the water circuit connecting to the heat exchange element.
We 
